After the Hanshin Awaji Earthquake disaster, the seismic resistance of embankments was evaluated, and design principles were changed from specification-based to performance-based. However, compaction properties and the mechanical behavior of compacted soil were not sufficiently considered in the Manual of Highway Earthworks on Embankments.
Introduction
Embankment stability has progressed dramatically since the fundamental principle of soil compaction was proposed by Proctor (1933) . In Japan, a number of studies on compaction have been conducted and a number of problems have been solved, particularly during the construction of dams and expressways (Mikuni, 1963; Kuno, 1974; Shima and Imagawa, 1980) . In addition, progress has been made in many studies on the behavior of compacted soils in the world (Escario and Sáez, 1986; Sivakumar, 1995, 2000; Maâtouk et al., 1995; Kong and Tan, 2000; Toll and Ong, 2003; Cokca et al., 2004; Heitor et al., 2013) . Most of these researches concentrated on the strength properties, i.e., cohesion and the friction angle and so on, of unsaturated compacted soils rather than the mechanical behavior of compacted soils. In current research, some researchers suggest constitutive models for unsaturated soil and try to express the mechanical behavior of compacted soil with density and the initial condition by using their model (Alonso, et al., 2013; Zhou and Sheng, 2014) .
After the Hanshin Awaji Earthquake disaster in Japan, the road earthwork guidelines for the construction of embankments were revised in order to evaluate the seismic resistance of embankments, and the design principles were changed from specification-based to performance-based (Japan Road Association, 2010). However, even under these new guidelines, the properties of compaction and the mechanical behavior after compaction, which depend on the geomaterial, were not taken into consideration. Recently, road embankments in Japan have often failed due to earthquakes, such as the Mid-Niigata Prefecture Earthquake of 2004, the Noto Hanto Earthquake of 2007, the earthquake in Suruga-wan in 2009, the Great East Japan Earthquake of 2011 and so on. Therefore, it has become increasingly important to evaluate the seismic resistance of embankments. In most cases of the failure of embankments, the rainfall before the earthquake caused more severe damage and a larger disaster. This implies that the higher the degree of saturation of the embankment, the more danger there is to the embankment. Nakamura et al. (2012) reported that the degree of saturation of the geomaterials in four embankments along expressways rose to more than 90%. Generally, embankments are evaluated at their unsaturated states. In most of the above-mentioned studies, the compacted soils were regarded as unsaturated soils, and the compaction behavior should be described by the theory of unsaturated soil. However, in this study, saturated embankments were treated taking into consideration their high risk conditions.
The objective of this study is to evaluate the deformation behavior and stability of three embankments due to an earthquake. Three types of geomaterials with different grain size distributions and different compaction properties were selected, and the saturated compacted soil specimens were subjected to triaxial compression and odometer tests, with the objective of obtaining basic data in an attempt to reproduce the mechanical behavior of various materials after compaction. The shear behavior and one-dimensional compression behavior after compaction were compared and examined in accordance with the differences in the materials. In addition, the effect of compaction on the mechanical behavior of the embankment materials was interpreted based on the soil skeleton structure concept by reproducing the mechanical behavior using the super/subloading yield surface Cam-clay model (referred to hereinafter as the SYS Cam-clay model) (Asaoka et al., 1998 (Asaoka et al., , 2000 (Asaoka et al., , 2002 . Moreover, seismic deformation and stability analysis of the three embankments were carried out using the soil-water coupled finite deformation analysis code GEOASIA (Noda et al., 2008) , which incorporates the SYS Cam-clay model into it.
Physical and compaction properties of three types of embankment materials
Three types of embankment materials were examined in the present study. The materials are referred to as materials A, B, and C. Table 1 shows the physical properties of the materials, while Fig. 1 shows the grain size distributions at each site. Material A contains more than 70% coarse fraction, whereas materials B and C contain more than 50% fine fraction. The coarsest material is A, followed by B and C. Fig. 2 shows the results of compaction tests conducted on the three types of materials. The compaction tests were performed using method A-b for material B and method A-a for materials A and C, in accordance with JIS Designation A 1210:2009. As the amount of coarse-grained fraction of the material increased, the maximum dry density increased and the optimum water content decreased.
3. Effect of compaction on the mechanical properties of three embankment materials 3.1 Triaxial compression tests after compaction for three types of geomaterial
For the three types of materials, all of which exhibit different compaction properties, as shown in Section 2, triaxial compression tests were conducted under Dc's of 90, 95, and 100% and confining pressure levels of 98.1 and 294.3 kPa in accordance with JGS Designation 2533-2009. Dc in this study means degree of compaction. Dc is defined as the ratio of current dry density to maximum dry density. The test specimens were compacted for three values of Dc, which were adjusted by changing the compaction energy under the optimum water content.
The specimen placed in the triaxial compression apparatus was carefully saturated with de-aired water using the double-suction method or the back-pressure method. The isotropic consolidation process was then carried out, and when consolidation was confirmed to have been completed, undrained shearing was conducted under a constant axial strain rate of 0.014%/min. The actual Dc of each specimen differed slightly from the targeted Dc because the volume of the specimen changed during the saturation process. Table 2 shows the relationship between the actual Dc and the target Dc at a confining pressure of 98.1 kPa, and the specific volumes are noted in brackets.
Figs. 3 through 8 show the triaxial compression test results, i.e., the relationship between deviator stress q and shear strain ε s and the relationship between q and mean effective stress p′, under confining pressure levels of 98.1 and 294.3 kPa for the three types of embankment materials. This section focuses on the relationship between q and p′ that provides the effective stress path, and the properties of the three materials are described.
As shown in Fig. 3 , for material A, at Dc ¼ 90%, the specimen exhibited an increase in q with a decrease in p′, which indicates hardening with plastic compression, at the initial shear (shear strain ε s ¼ 0 to 2%). Thereafter, the specimen approached the critical state. At Dc ¼ 95%, q increased while p′ remained approximately constant at the initial shear before the specimen approached the critical state. At Dc ¼ 100%, q increased while p′ remained approximately constant at the initial shear, as in the case for Dc ¼ 95%. Thereafter, an increase in q with the increase in p′ was observed. This behavior indicates hardening with plastic expansion, which is similar to the undrained shear behavior of dense sand. This hardening caused the maximum q to increase greatly. Fig. 4 shows the behavior of the specimen under a confining pressure of 294.3 kPa. The maximum q was greater than that under a confining pressure of 98.1 kPa for each Dc. The trends of the stress path were similar to those observed under a pressure of 98.1 kPa, except that the behavior at Dc ¼ 95% exhibited hardening with plastic compression.
As shown in Fig. 5 , in the case of material B, for all values of Dc, an increase in q with the increase in p′ was observed after an increase in q with the decrease in p′ at the initial shear. However, as Dc increased, the initial shear behavior exhibited an increase in q for a constant p′, rather than a decrease in p′. This behavior resembles that of typical sand specimens. Fig. 6 shows the behavior under a confining pressure of 294.3 kPa. The stress path trends were similar to those under a pressure of 98.1 kPa. In Fig. 7 , for material C at Dcs of 90 and 95%, q increased for a constant p′ and then decreased with the decrease in p′. On the other hand, at a Dc of 100%, the shear behavior changed. In this case, q increased with an increase in p′. However, the increase in q was small compared to that for materials A and B. Fig. 8 shows the behavior under a confining pressure of 294.3 kPa. The trends of the stress path were different from those under a pressure of 98.1 kPa. At Dcs of 90 and 95%, the degree of softening became slight and the behavior was similar to that of normally consolidated clay having less structure. Fig. 9 shows the relationship between Dc and q max for the three materials. For all of the materials, as Dc increases, q max increases. The increases in q max with Dc for materials A and B were larger than that for material C. For all materials, as Dc increases, the consolidation yield stress increases, which means that the initial overconsolidation ratio (OCR) becomes large and the compressibility becomes small. The compression lines were approximately straight with large vertical effective stress. As the maximum dry density increases, the compressibility decreases and the compression curve moves lower. Onedimensional consolidation tests using a remolded specimen were conducted for material C, and the compression curve was approximately the same as that of the remolded material. 4. Interpretation of the mechanical behavior of each compacted specimen based on soil skeleton structure
The SYS Cam-clay model is an elasto-plastic constitutive model that expresses the 'soil skeleton structure' with structure, overconsolidation, and anisotropy, and describes the evolution of the soil skeleton structure as being associated with the development of plastic deformation. The fundamental characteristic of the SYS Cam-clay model is that the model can explain the mechanical behavior of typical clays and sands, as well as intermediate soils, through a common theory by controlling the evolution of the soil skeleton structure, which involves controlling the evolution parameters, as shown in Table 3 . The concept of the soil skeleton structure is a key of the SYS Cam-clay model, and the concept will be explained more in Appendix A.
As shown in Fig. 13 , the plastic potential of the SYS Camclay model is expressed as follows: 
p denotes the plastic stretching, i.e., the plastic strain increment, J is the Jacobian, i.e., the determinant of the deformation gradient tensor F, R denotes the reciprocal of the overconsolidation ratio (OCR), and R* denotes the degree of structure. Sekiguchi and Ohta's stress ratio, η*, is expressed as follows:
where β denotes the axis of the rotation tensor, I is the identity tensor, and T′ is the Cauchy effective stress tensor. The ratio is used to describe the anisotropy. For further details, please refer to Sekiguchi and Ohta (1977) . The evolution laws for R, R*, and β are as follows:
where D v p and D s p denote the volumetric and shear components, respectively, of plastic stretching tensor D p . The time derivative of β, which is Green and Naghdi (1965) objective rate tensor, is formulated according to Hashiguchi and Chen (1998) . Parameters a, b, c, and c s , which are all positive constants, determine the properties for degradation of the structure, which means that the structure decays more quickly as a increases. The degradation parameter of the overconsolidated state, m, indicates the rapidity of the loss of overconsolidation, which means that the overconsolidation state changes more quickly to the normally consolidated state and that the behavior becomes increasingly elastic as m increases. Parameter b r determines the rate of the evolution of anisotropy, and m b is the limit of the evolution parameter. For example, as the plastic deformation progresses, for sand, the decay of the structure becomes faster than the loss of overconsolidation, whereas, for clay, the loss of overconsolidation becomes faster than the decay of the structure. The material time derivative of Eq. (1) is expressed as follows:
Eq. (6) means Prager's consistency condition on the basis of the plastic theory. As shown in Eq. (6), the plastic volumetric strain is influenced by the expansion/contraction of the plastic potential of the modified Cam-clay model and the evolution of the soil skeleton structure, that is, the structure, overconsolidation, and anisotropy. In particular, the decay of the structure results in the plastic volume compression of the soil, while the loss of overconsolidation results in the plastic volume expansion of the soil. For details, refer to Asaoka et al. (2002) . In the present study, the undrained shear behavior and the one-dimensional compression behavior after compaction of the three materials were simulated using the SYS Cam-clay model, and these two types of behavior were interpreted based on the soil skeleton structure.
Figs. 14 through 19 show the results of the triaxial compression tests for materials A through C obtained using the SYS Cam-clay model. In each figure, the decay of the structure and the loss of overconsolidation associated with shear strain ε s are shown, as well as the stress-strain relationship and the effective stress path. As R* approaches 1.0, the structure decays, and as R approaches 1.0, overconsolidation decreases, which means that the state approaches a normally consolidated state. These diagrams can be used to evaluate the rate of decay of the structure and the rate of the loss of overconsolidation. Figs. 20 through 22 show the results obtained by conducting one-dimensional consolidation tests for materials A through C.
The properties of not only the undrained shear, but also the one-dimensional compression were able to be reproduced by the SYS Cam-clay model. The material constants and the initial conditions of the materials are shown in Tables 3 through 5 . In the present study, the material constants, which include the elasto-plastic parameters and the evolution parameters, were fixed for each material, independent of Dc and the confining pressure. There is an idea that the soil's material constant can be varied according to Dc or the confining pressure. However, for example, taking up the test for Material A, even if Dc and the confining pressure are different, a fixed/unique set of material constants for Material A, which consists of the elasto-plastic parameters and evolution parameters, is used to simulate all the types of mechanical behavior for Material A with Dc in this study. In addition, each different Dc is expressed by changing the initial values for the structure and overconsolidation. This idea is the same as the idea whereby the behavior of the sand with various densities is simulated by the SYS Cam-clay model, as shown in Appendix A. The elasto-plastic parameters are determined by assuming the final state in the triaxial compression tests to the critical state and by assuming the compression line at large vertical compression stress in the oedometer tests to the Normal Consolidation Line at K 0 -state. The initial values and evolution parameters are determined by simulating the process of both the triaxial compression tests and the oedometer tests. As for the triaxial compression tests, the isotropic consolidation process for each confining pressure (98.1 kPa and 294.3 kPa) involves setting the soil specimen in the triaxial compression apparatus as well as the shear process under each confining pressure (98.1 kPa and 294.3 kPa). As for the oedometer tests, on the other hand, the one-dimensional consolidation process is simulated.
Figs. 14 and 15 show the results of reproducing the undrained shear behavior of material A. For material A, R and R* reached 1.0 for a small shear strain, which indicates that the decay of the structure and the loss of overconsolidation were fast, as revealed by the R and R* versus s ε diagrams. The initial value for R under a confining pressure of 294.3 kPa was larger than that under a confining pressure of 98.1 kPa. This implies that the OCR decreased due to the increase in the confining pressure, which is why the behavior at a Dc of 95% under a confining pressure of 294.3 kPa exhibited hardening with plastic compression. On the other hand, in the case of material C, the decay of the structure was slow and the loss of Even though the calculation did not exactly reproduce the experimental results, the softening behavior after the initial shear indicates that the decay of the structure was slow. The initial value for R* under a confining pressure of 294.3 kPa was slightly larger than that under a confining pressure of 98.1 kPa. This implies that the degree of structure decreased slightly due to the increase in confining pressure, which is why the degree of softening at Dcs of 90 and 95% became slight.
Finally, for material B, the results indicated that the decay of the structure was fast and that the loss of overconsolidation was slow, as shown in Figs. 16 and 17. Fig. 20 through 22 show the results obtained in the onedimensional consolidation tests for materials A through C. As shown in Figs. 20 and 21, for materials A and B, the compression curves are approximately straight lines with a large vertical effective stress that exceeds the consolidation yield stress. The values for R* and R on a straight line reached 1.0. In the case of material C, the simulated compression curve was slightly below the experimentally obtained curve, which implies that the structure remained slight, even when the consolidation yield stress was exceeded.
Figs. 23 and 24 show the effect of compaction on the initial values, R 1/ 0 * and R 1/ 0 . For all of the materials, as Dc increases, the structure decays and overconsolidation accumulates. For materials A and B, as Dc increases, the structure decays easily due to the fast decay of the structure, i.e., R 0 * approaches 1.0 and OCR becomes large. Therefore, the maximum q becomes large. On the other hand, for material C, as Dc increases, the structure does not decay easily due to the slow decay of the structure, and the OCR was not larger than that of materials A and B. Therefore, maximum q does not become large. Based on the simulation results, the rate of decay of the structure and the accumulation of overconsolidation are related to the mechanical behavior after compaction for materials with different compaction properties. 
Seismic response analysis of embankments of three materials having different values for Dc
In Section 4, the mechanical behaviors of geomaterials having different compaction properties were interpreted based on the soil skeleton structure. In this section, a seismic response analysis of embankments constructed using these materials having different degrees of compaction was carried out, and the relationship between the compaction properties and the seismic stability of the embankments was clarified. The seismic stability analysis used GEOASIA, a soil-water coupled finite deformation analysis code (Noda et al., 2008) , which incorporates the SYS Cam-clay model. Fig. 25 shows a cross-section of the embankment and the ground used in the analysis after construction of the embankment. The pore water pressure distribution immediately before inputting the seismic wave in both the embankment and the ground is shown in Fig. 25 . Since the seismic response of the embankment is the focus of the present study, the ground under the embankment was assumed to be hard with low permeability. Moreover, the ground under the embankment was made sufficiently wide to eliminate the effects of the side surface boundaries.
The hydraulic boundary conditions and the initial pore water pressure distribution in the ground are also shown in Fig. 25 . The left-and right-hand sides and the bottom boundaries were impermeable, and the top boundary was permeable and at atmospheric pressure. As mentioned above, because the soilwater coupled analysis was conducted, the embankment and the ground were assumed to be fully saturated; and therefore, the water level was constant at the ground surface and the embankment surface. At the ground surface and the embankment surface, the pore water pressure was a constant value of 0 kPa, the water was able to move in and out of the boundary, and it was kept as a steady state. Therefore, the difference between the potential heads of the crown and the toe of the embankment provides the flow of pore water in the embankment. Then, the pore water always flows from the top to the toe of the embankment. In other words, the water was always supplied into the embankment; and therefore, the analysis conducted in this manuscript always assumes a more dangerous situation than the actual one.
The movement boundary conditions before the earthquake were as follows. All of the nodes on the left-and right-hand edges were fixed horizontally, and all of the nodes on the bottom surface were fixed horizontally and vertically. During and after the earthquake, periodic boundaries were assumed, and both sides were provided with constant displacement boundaries. In addition, in order to prevent the reflection of seismic waves, a viscous boundary (Joyner and Chen, 1975) was provided in the horizontal direction on the bottom boundary during the earthquake. Fig. 26 shows a finite element mesh of the embankment of Fig. 25 . The embankment had a height of 6 m, a slope of 1:1.8, and a width of the crown of 14 m. In this calculation, the distributions of stress before the earthquake were obtained by the following two calculating steps, one is the construction process of the embankment and the other is the consolidation process after the construction. In the construction process, the embankment was constructed by putting one-layer to six-layer finite elements on the ground. As mentioned above, because the soil-water coupled analysis was conducted, the finite elements for the embankment materials were the saturated elasto-plastic materials with a two-phase soil-water system, whose initial conditions were obtained from the degree of compaction discussed in Chapter 4. The speed of construction is approximately 0.5 m/day, as is the real speed. On the other hand, in the consolidation process, the embankment and ground have been completely consolidated for about 20 years.
It was confirmed that the excess pore water pressure dissipated sufficiently in the embankment and the ground. Details of the construction process can be found in the works by Noda et al. (2009) . 28, if the material of a given ground is the same, the initial stress distributions are almost equal to each other. In the case of Dc ¼ 100%, as the Dc increased, the distribution of p′, q became slightly large. As to the initial stress distributions of the embankment, p′ and q increase from the crown to the bottom of the embankment for all materials. In the case of Dc ¼ 100%, q increases towards the center of the embankment. This is thought to be the reason that the OCR of the soil elements in the embankment is rising. Due to the large Dc, a high q may then be generated during the loading of the embankment. Fig. 29 shows the input seismic wave (Japan Road Association, 2012). The seismic motion was measured at the Kobe Marine Observatory as the ground surface wave of the southern Hyogo Prefecture Earthquake of 1995. The input seismic motion was assumed to be a level 2 inland earthquake. Fig. 30(a) through (c) shows the shear strain distributions of the embankment for Dc's of 90, 95, and 100% just after the earthquake for materials A, B, and C, respectively. Moreover, the values shown in the figures indicate the amount of settlement in the center of the crown after the earthquake.
For material A, at Dcs of 95 and 100%, the shear strain in the embankment due to the earthquake did not increase, and stable behavior was exhibited after the earthquake. However, at a Dc of 90%, the shear strain clearly occurred from the crown to the boundary between the embankment and the ground. For material B, at Dc's of 90 and 95%, large shear strain occurred in the embankment, and at a Dc of 90%, more than 40% of the shear strain was generated at the bottom of the embankment. In contrast, at a Dc of 100%, the embankment appears to have been stable after the earthquake. For material C, at a Dc of 90%, a large shear strain was generated in the embankment, and a slip plane from the top of the slope of the embankment occurred as a result of the earthquake. Even at a Dc of 95%, a large shear strain occurred in the embankment, as compared with the shear strain distribution at a Dc of 90% for material A. For all of the materials, however, as Dc increased, the strain due to the earthquake became smaller, and the amount of settlement was reduced. Increasing the Dc is effective for improving the seismic stability of embankments.
Finally, the typical soil element behavior in the embankment for material A was compared with that for material C. The element is shown in Fig. 26. Figs. 31 and 32 show the element behavior at Dcs of 90 and 100% for material A during the earthquake. The element at a Dc of 90% just before the earthquake exhibited a larger specific volume, a smaller mean effective stress as the confining stress, a smaller OCR, and a higher degree of structure than the element at a Dc of 100%. The structure decayed with plastic compression, and the mean effective stress was reduced by cyclic loading during the earthquake. Therefore, the element exhibited large shear strain with a low deviator stress. On the other hand, for the element at a Dc of 100%, just before the earthquake, the specific volume was small and the mean effective stress was high. Moreover, the OCR was large and the structure was low. During the earthquake, the deviator stress moved vertically upward and the mean effective stress rarely decreased in the effective stress path, which means that the element behaved elastically because of a large OCR. Since the mean effective stress (as the confining stress) did not decrease, the stiffness of the element became large, and no large strain occurred with a large deviator stress. Figs. 33 and 34 show the element behavior at Dcs of 90 and 100% for material C during the earthquake. Even though the material constants were different from those for material A, as Dc increased, in many soil elements of the embankment, the shear strain did not increase easily and the OCR became large. This trend for material C was similar to that for material A. However, the initial OCR was smaller and the loss of overconsolidation was slower than for material A. Therefore, compared with material A, the structure decayed significantly with plastic compression, and as the degree of compaction decreased, the reduction in the mean effective stress during the earthquake increased, and after all of the elements exhibited a large shear strain with a low deviator stress.
The above findings reveal that greater seismic stability can be obtained from embankments constructed with materials that exhibit faster decay of the structure and the loss of overconsolidation (material A) as compared to embankments constructed from materials that exhibit little decay of structure and loss of overconsolidation (material C).
The compaction behavior of soil depends on the grain size distribution and plasticity. In this study, the authors expect that these characteristics (grain size distribution and plasticity) are expressed based on the soil skeleton structure concept. However, the authors cannot conclude their ideas because the experimental results were not sufficient. In the future, the authors will carry out mechanical laboratory tests on many kinds of soils and consider the relationship between the grain size distribution and the evolution of the soil skeleton structure.
Conclusions
In the present study, various laboratory tests were carried out on three embankments constructed with three different Fig. 32 . Element mechanical behavior (Material A, Dc¼100%). Fig. 31 . Element mechanical behavior (Material A, Dc ¼90%).
types of materials, and the mechanical behaviors of these materials were reproduced using the SYS Cam-clay model. Moreover, a seismic response analysis was carried out for embankments constructed with the three materials under Dcs of 90, 95, and 100%. The following are the conclusions of the present study.
1. For all of the materials, as a result of compaction, the maximum q increased in the triaxial compression tests. However, the trend for the increase in q and the effective stress path were different for each material. For material A, which contains more than 70% coarse fraction and has a large maximum dry density, as Dc increased, the increase in q with the increase in p became prominent with shearing. For material C, which contains more than 50% fine fraction and has small maximum dry density, at small Dc, a decrease in q was observed, whereas at large Dc, this behavior was not observed. Moreover, the increases in q max with Dc for materials A and B were larger than the increase in q max with Dc for material C. 2. From the one-dimensional consolidation tests, the compression curve was approximately a straight line with a large vertical effective stress. As the maximum dry density increased, the compressibility decreased and the compression curved became lower. For material C in particular, the compression curve was almost the same as that of the remolded material. 3. The mechanical behavior of each material was reproduced by the SYS Cam-clay model, using one set of material constants for each material and representing the differences in Dc by different initial conditions for the structure and overconsolidation. It was possible to interpret the increase in Dc as the decay of the structure and the accumulation of overconsolidation. For materials A and B, as Dc increased, the structure decayed easily due to the fast decay of the structure, i.e., R 0 * approached 1.0 and the OCR became large. Therefore, the maximum q became large. On the other hand, for material C, as Dc increased, the structure did not decay easily due to the slow decay of the structure, and the OCR was not larger than those of materials A and B. Therefore, the maximum q did not become large. 4. The seismic response analysis using GEOASIA revealed that the seismic stability of embankments increased by increasing Dc. For material A, which exhibited fast decay of structure and fast loss of overconsolidation, the decay of the structure and the accumulation of overconsolidation occurred easily. The representative soil element in the embankment behaved elastically. Therefore, the stiffness of the element of the embankment was not reduced, and the embankment did not deform significantly during the earthquake. For material C, the structure of which did not decay easily, the structure decayed significantly with plastic compression, and as the degree of compaction decreased, the reduction in the mean effective stress increased during the earthquake. The element of the embankment later exhibited a large shear strain with a low deviator stress.
In this study, saturated soil has been discussed. However, a compacted soil is essentially an unsaturated soil; and therefore, it is very important to grasp the mechanical behavior of unsaturated soil. Research on unsaturated soil will be progressed and the mechanical behavior of compacted materials having different compaction properties will be clarified in the future. Furthermore, the mechanical behavior of compacted soil will be expressed using the constitutive model for unsaturated soil.
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The difference between clay and sand Fig. 36 shows the experimental and calculated results of undrained triaxial compression tests for naturally deposited clay specimens. Table 6 shows the material constants and initial values used simulations. As shown in Fig. 36(c) and (d) , which present the changes in R and R*, it is clear that the decay of the structure is slow and the loss of overconsolidation is fast for clay. Fig. 37 shows the values for medium dense sand. Table 7 shows the material constants and initial values used in the simulations. On the contrary, for sand, Fig. 37(c) and (d) indicates that the decay of the structure is fast and the loss of overconsolidation is slow. Fig. 38 shows the difference between sand and clay based on the evolution of the structure and overconsolidation. A highly structured overconsolidated clay firstly becomes normally consolidated with the structure (Route C-A). The increase in q with an increase in p′ in Fig. 36 (a) corresponds to route C-A. Subsequently, the clay loses its structure very gradually (Route C-B). At this time, the clay shows a decrease in q with a decrease in p′. Finally, the clay becomes normally consolidated in the least structured state. On the other hand, the sand is assumed to firstly decay in structure very rapidly, while maintaining its overconsolidated state (Route S-B). At this time, the sand shows a decrease in q with a decrease in p′ in Fig. 37 (a) . Then, the loss of overconsolidation occurs slowly (Route S-A).This behavior is an increase in q with an increase in p′ in Fig. 37 (a) . Finally, the sand becomes normally consolidated and in the least structured state, too. Thus, the SYS Cam-clay model can explain the mechanical behavior of typical clays and sands based on the rate of change in structure and overconsolidation. 
Compaction of loose sand under repeated drained shear stress application
Triaxial compression and expansion tests with constant cell pressure are repeatedly conducted under fully drained conditions using the SYS Cam-clay model. In this simulation, the deviator stress amplitude is 29.4 kPa. Table 7 shows the material constants and initial values used in the simulations. These parameters designate loose sand (structured normally consolidated soil). Fig. 39 shows the results of this simulation. As seen in the v-p′ diagram, volume compression is observed within the first several cycles of the repetition of shear, during which the initial soil structure decays (in the R*-ε s diagram). The R-ε s diagram indicates that the accumulation of overconsolidation is very large. Finally, sand which is initially normally consolidated becomes heavily overconsolidated sand in this simulation. Therefore, repeated loading causes increasing density with accumulation of overconsolidation and a decay of the structure. As the number of the repeated loading increases, the specific volume of sand decreases with an increasing R* and a decreasing R. State [1] represents loose sand with high structure and light overconsolidation, while state [4] represents very dense sand with low structure and heavy overconsolidation. It should be noted that the elastoplastic parameters and evolution parameters are fixed, and that R* and R change depending on the specific volume, that is, density. (Fig. 40) 
